The sperm storage organ of terrestrial gastropod molluscs is implicated in sexual selection because it has a complex structure and it functions in a context of intense sperm competition. Received sperm are stored in spermathecal tubules. In our sample using the brown garden snail (Cornu aspersum (Müller, 1774)) (n = 58), the mean number of tubules per animal was 16, with lengths ranging from 40 to 2480 mm. A hereditary influence on tubule number was indicated by clutch-dependent variations. From histological sections, we counted the spermatozoa that were present in the tubules of ex-virgin snails 1, 2, 4, and 8 weeks after mating (n = 40). Sperm were distributed, on average, across 75% of the tubules in individual snails, thus contradicting one proposed mechanism for cryptic female choice. The total number of sperm declined 66% over 8 weeks, with the largest losses incurred by sperm in the lumens of the tubules and sperm gathered in clusters. By contrast, in the same period, the numbers of sperm that were in contact with the walls of the tubules remained relatively stable. These data imply that sperm survive best when attached to the epithelial wall, either because they derive nutrition from the epithelium or because they use the epithelium as an anchor.
Introduction
The sperm storage organs of terrestrial molluscan species have attracted interest because they are presumed to be sites at which sexual selection occurs (Bojat et al. 2001a (Bojat et al. , 2001b Rogers and Chase 2001; Bojat and Haase 2002; Evanno and Madec 2007; Koemtzopoulos and Staikou 2007; Beese et al. 2009 ). Recent phylogenetic studies have revealed a striking evolutionary diversification in the structure of the sperm receiving organs within the stylommatophoran suborder of pulmonate gastropods (Koene and Schulenburg 2005; Beese et al. 2009 ). In some taxonomic groups, presumably representing the ancestral state, the allosperm (i.e., received sperm) are stored in the same chamber in which fertilization occurs. In other groups, however, the allosperm are stored separately from the fertilization pouch, in one or more spermathecal tubules. The entire structure is named the fertilization pouch -spermathecal complex (FPSC), also known as the talon or carrefour (Tompa 1984) . The FPSC of the brown garden snail, Cornu aspersum (Müller 1774), has drawn particular interest because of the extensive proliferation of tubule numbers in this species and in other members of the Helicoidea superfamily (Evanno and Madec 2007; Koemtzopoulos and Staikou 2007; Beese et al. 2009 ).
The presence of a complexly structured sperm storage organ has prompted numerous hypotheses about its function. One idea, based on natural selection, is that the structure of the FPSC evolved to support the long-term survival of sperm. On the other hand, it is clear from studies in numerous animal groups that the evolution of complex sperm storage organs can be driven by sexual selection in the context of either cryptic female choice or sperm competition (Pitnick et al. 2008) . Because all pulmonate land snails are simultaneous hermaphrodites, both the male function and the female function are independently subject to selection, and patterns of male-female coevolution are expressed in the same individual (Koene and Schulenburg 2005; Beese et al. 2006) . Thus, theory predicts that the sperm storage organs and the sperm themselves will undergo parallel evolutionary changes, and these may be either cooperative or antagonistic.
In C. aspersum, promiscuous matings occur at intervals of about 7.5 days in young, ex-virgin snails (Evanno et al. 2005 ; R. Chase and G. Kothari, unpublished observations) and at intervals of about 46 days in mature snails (Madec and Daguzan 1993) . Viable spermatozoa can be stored for as long as 4 years prior to their use in fertilization (Duncan 1975) . For these reasons, sperm competition is especially intense in C. aspersum and related snail species (Baur 1998; Chase 2007a) , and sperm competition presumably explains the occurrence of several striking traits including dart shooting, long sperm tails, and large ejaculates (Greeff and Michiels 1999; Chase and Blanchard 2006; Minoretti and Baur 2006; Chase 2007b) . Variations in FPSC morphology could interact with sperm length or other sperm attributes to determine precedence effects, i.e., a fitness advantage for early sperm donations compared with later donations (Rogers and Chase 2002; Evanno et al. 2005 ). In addition, sperm could compete for access to advantageous positions within the spermathecal tubules.
Our investigation was designed to study how the structure of the snail's sperm storage organ affects sperm survival. Therefore, we investigated the numbers and lengths of tubules, the spatial distribution of sperm within these tubules, and the temporal dynamics of allosperm storage. We counted individual spermatozoan nuclei and noted their positions within the spermathecal tubules of once-mated exvirgin snails. By repeating the observations (in different specimens) at several postmating intervals, we were able to infer patterns of sperm loss and sperm survival subsequent to their receipt in the FPSC. During these observations, we found evidence that runs counter to one proposed mechanism of cryptic female choice in helicid snails.
Materials and methods
Virgin Cornu aspersum (formerly Helix aspersa (Müller, 1774) and Cantareus aspersus (Müller, 1774)) were raised in our laboratory from a parental stock of Californian origin. To prevent matings, they were isolated in separate containers prior to attaining sexual maturity (indicated by a curled shell margin at approximately 10 weeks of age). They were maintained at 20 8C under a 16 h light : 8 h dark cycle and fed a mixture of grains, fresh vegetables, and minerals. At 20 weeks of age, the virgin snails were allowed to mate. To optimize the use of multiple clutches in our examination of heritable traits, matings were arranged such that all snails mated with their siblings, thus allowing each animal to serve as both a sperm donor and a sperm receiver. The data pertaining to sperm storage were obtained using animals from four sibling groups (n = 40, Table 1), while one additional sibling group was utilized to supplement the morphological data (n = 58). Dart-shooting snails were excluded from the sample because, following Chung (1986) , it is assumed that darts are formed only after the first courtship; thus these snails might have mated surreptitiously. Snails hit by darts were likewise excluded to avoid the confounding influence on sperm storage (Chase and Blanchard 2006) . To prevent mated snails from laying eggs, they were housed in Plexiglas boxes that contained no soil or other substrate in which the eggs could be deposited.
The FPSCs of mated snails were removed by dissection either 1, 2, 4, or 8 weeks after the mating (n = 10 for each group). They were fixed in 4% paraformaldehyde for 1 h, washed in 1% Triton-X for 1-5 h, and then submerged in 90 mmol/L Hoechst 33342 overnight to stain DNA (Rogers and Chase 2001) . After embedding in paraffin, the FPSCs were cut in 40 mm transverse sections through their entire lengths. Spermatazoan nuclei were observed under UV fluorescence using Leitz NPL Fluotar Â40 and Â100 objectives under oil immersion at total magnifications of Â400 and Â1000. The positions of individual spermatozoan nuclei were recorded as either lumenal, wall-touching, or clustered. Lumenal sperm are defined as those whose nuclei lie within the lumen of the tubule. Wall-touching sperm are those whose nuclei contact the epithelial wall of the tubule. Clustered sperm are aggregates of five or more spermatozoa in which the distance between any two nuclei is less than the width of an individual nucleus. Data were collected sectionby-section to establish the number and lengths of the tubules, and to describe the distribution of sperm within identified tubules. Sperm present in the fertilization pouch (probably autosperm) were ignored. As a measure of the snail's size, the shell volume was calculated as previously described (Chase and Vaga 2006) .
For consistency of observations, all data were collected by the same individual (E.D.). To avoid multiple counts of the same nucleus, nuclei were counted only when fully in focus. In locations where the nuclei were densely clustered, the counts were repeated several times to ensure accuracy. To estimate the reliability of the counts, three FPSCs were completely recounted. The mean difference in the total number of sperm counted on the two occasions (expressed as a percentage of the original count) was 2.13%, while the mean difference for clustered sperm was 1.53%.
General linear modeling (GLM) and regression analyses were done using SPSS version 11.0 (SPSS Inc., Chicago). For GLMs, the data were log-transformed or arcsine square root transformed when Levine's test reported that error variances were unequal (P < 0.05). Means are reported with standard errors.
Results

Structure of the fertilization pouch -spermathecal complex (FPSC)
In C. aspersum, the spermathecal tubules lie adjacent to the fertilization pouch (Fig. 1 ). The number of tubules varies between animals. In our sample of 58 snails, the mean number of tubules was 15.6 ± 0.7 (Table 1) . There is a large range of tubule lengths, 40 to 2480 mm, but one tubule in each animal, designated the main tubule, is always considerably longer than all other (secondary) tubules (Fig. 2) . The frequency distribution of lengths for tubules other than the main tubule is logarithmic (Fig. 2) . We conjectured that such a distribution might arise from a continuous process of tubule generation throughout the snail's life, but since the number of tubules does not increase with age (data not shown), we reject this hypothesis. Most likely, the frequency distribution of tubule lengths arises from the fact that the tubules are repeatedly branched, as illustrated in Fig. 1 . The higher the branch order, the shorter the tubule.
The heritability of tubule number was evaluated by an analysis across sibling clutches. As detailed in Table 1 , snails from clutch B had significantly fewer tubules than did snails from three other clutches (GLM, F [4, 53] = 7.46, P < 0.001; Tukey post hoc tests, P < 0.05), thus indicating a hereditary effect. Tubule numbers were not significantly associated with shell volumes (GLM, P > 0.05).
Spatial distribution of allosperm
Even though the snails had received sperm from only a single mating, a majority of the tubules contained allosperm (74.6% ± 2.4%; Table 1 ). The number of tubules containing allosperm in a given snail was proportional to the total number of tubules present in that snail (regression, R 2 = 0.66, F [1, 56] = 110.63, P < 0.001). However, apart from the hereditary influence on tubule numbers noted above, there was no additional effect of clutch on the number of tubules containing sperm (GLM, F [4, 52] = 2.05, P = 0.102). In slightly more than half the snails (n = 22), the main tubule contained more allosperm than any single secondary tubule, but on average, the combined secondary tubules contained significantly more allosperm than the main tubule (GLM, F [1, 72] = 6.7, P = 0.012).
The individual spermatozoan nuclei were clearly resolved when observed under fluorescence microscopy ( Fig. 3) , which enabled us to identify three categories of sperm defined by positional criteria (see the Materials and methods): lumenal, wall-touching, and clustered. Examples of each type are shown in Fig. 3B .
Temporal dynamics
To investigate temporal changes in the categories of stored allosperm, we counted spermatozoan nuclei at four intervals after mating (using different animals at each interval). The mean total number of sperm declined from 2269 ± 717 after week 1 to 763 ± 215 after week 8 (Fig. 4A ). There was no significant difference in the rates of loss incurred by the main tubule compared with the secondary tubules (GLM with interactive factors, F [3, 72] = 0.627, P = 0.600). The clustered sperm suffered the largest proportional losses, with their mean numbers dropping from 435 ± 133 at week 1 to just 26 ± 15 at week 8 (GLM, F [3, 36] = 4.24, P = 0.012; Fig. 4B ). The mean number of lumenal sperm declined steadily from 601 ± 246 at week 1 to 182 ± 50 at week 8 (Fig. 4C) , while the wall-touching sperm saw the smallest proportional loss, from 924 ± 396 in week 1 to 555 ± 157 in week 8 (Fig. 4D) . In percentages of total sperm, the clustered sperm were the biggest losers (GLM, F [3, 36] = 4.87, P = 0.006; Fig. 4B ), while the wall-touching sperm were the biggest winners, moving from 44.82% ± 3.3% at week 1 to 71.68% ± 2.5% at week 8 (GLM, F [3, 36] = 12.12, P < 0.001; Fig. 4D ).
Sperm, especially clustered sperm, were often accumulated at the closed ends of the tubules. Therefore, we quantified the distribution of sperm along the lengths of all tubules by calculating, for each tissue section through each tubule, a ratio expressing the number of sperm observed in that section relative to the expected number, where the expected number assumed an equal distribution along the entire length of the tubule. The results demonstrate that the sperm were not distributed evenly along the tubule lengths, as shown in Fig. 5 and confirmed by statistical analysis (Kruskal-Wallis test, P < 0.001). Moreover, there were striking changes in the longitudinal distributions between the first week after mating and the eighth week after mating (Fig. 5) . At week 1, the largest positive deviations from the expected number of sperm are evident in the first four sections beginning at the closed end (first 160 mm). At Because sperm tended to accumulate at the closed ends of the tubules, nearly all of the clustered sperm were found in the first four sections, 93.5% at week 1. However, by week 8 the number of clustered sperm in these sections had fallen precipitously, from 3877 at week 1 to 223 at week 8. Using a section-by-section analysis for the first four sections, we found that the greater the initial concentration of clustered sperm, the greater was the contribution of the clustered sperm to the total sperm loss (regression, R 2 = 0.996, F [1, 2] = 685.23, P = 0.001).
Discussion
The results relate to both the structure of the FPSC and to its use as a sperm storage organ. We discovered a hereditary influence on the number of tubules that is consistent with phylogenetic patterns and that suggests selection for high numbers. By tracking the loss and survival of sperm in relation to their locations, we were able to identify some of the factors that are likely to influence survival. Before we discuss these findings in more detail, two constraints on the interpretations must be mentioned. First, the data pertaining to time-dependent changes in sperm counts are based on observations from different animals at different points in time. Hence, these results consist of means obtained across animals, not on repeated observations taken from the same animals. Second, because we were unable to observe individual spermatozoa at multiple time points and because none of the identified sperm categories increased in number during the period of observation, we are unable to say whether the gametes were in flux, i.e., moving from one category type to another within a tubule. We can only infer that certain categories of spermatozoa, principally defined by location, declined in number.
The mean number of tubules per snail that we counted (15.6, Table 1) is about twice that reported by other authors investigating the same species (7.2 from Evanno and Madec 2007; 8.8 calculated from Koemtzopoulos and Staikou 2007) . The discrepancy could be due to differences in tissue-section thicknesses: 40 mm in our case; 50 mm in Koemtzopoulos and Staikou (2007) ; and unreported by Evanno and Madec (2007) . A more likely explanation, however, is variation in the sampled populations, especially given the evidence from this study that tubule number is a heritable trait (Table 1) . The heritability of tubule number seems to be functionally significant because those sibling clutches that have the largest number of tubules also have the largest number of tubules containing allosperm (Table 1) . If it is true, as proposed below, that the survival of sperm is jeopardized when they are locally present in high densities, then those snails that possess large numbers of tubules will be best able to maintain viable sperm because the sperm will be widely distributed across tubules. A similar idea was proposed by Baminger and Haase (1999) for the related helicid snail Arianta arbustorum (L., 1758).
Our data suggest that the main tubule does not differ from the secondary tubules in sperm storage function. While studies in A. arbustorum indicate that the main tubule stores more sperm than the combined secondary tubules (Baminger and Haase 1999; Bojat and Haase 2002) , our results show that the opposite holds true in C. aspersum. The discrepancy is explained by the fact that A. arbustorum possesses no more than 9 secondary tubules (Baminger and Haase 1999), In every snail, the main tubule is the longest tubule (see Fig. 1 ; n = 58 snails).
whereas C. aspersum (at least in our sample) has about 15 secondary tubules. If the capture of allosperm is determined solely or predominately by the size and position of the tubular openings, it is to be expected that the fractional sperm content of the main tubule will decrease as the number of secondary tubules increases. Given also that the rates of sperm loss in the main tubule and secondary tubules are indistinguishable over time, it appears that the main tubule is simply the remnant of an ancestral condition in which snails possessed only a single tubule (Beese et al. 2009 ).
The sperm with the worst fates were those that were either clustered or in the lumens of the tubules (Fig. 4) . By contrast, the number of wall-touching sperm was relatively stable over time. The sometimes intimate association of spermatozoa and epithelium in the storage organs of snails has been previously noted (Giusti and Selmi 1985; Bojat et al. 2001b) . We believe that sperm derive benefits from their attachment to the epithelial wall and that those sperm that are deprived of these benefits will die off with time. Specifically, attachment may allow sperm to obtain nutrition from the epithelium, as has been suggested for other molluscan species (Beeman 1970; Todd et al. 1997) . It has also been suggested that attachment may provide an anchor to prevent sperm from being removed from the tubule, either by passive drift or as a consequence of flagellar beating by later arriving sperm (Giusti and Selmi 1985; Bojat et al. 2001b; Rogers and Chase 2002) . We suppose that the density of the sperm in clusters prevents many spermatozoa from accessing the epithelium. As well, if nutrients are transferred from the epithelium, high densities of sperm will cause competition for resources, with at least some spermatozoa receiving insufficient amounts. Together, the blockage of access to anchoring sites and the limited supply of nutrients will cause the elimination of clustered sperm. Lumenal sperm will likewise suffer, owing to the absence of anchors and the dilution of nutrients in the lumenal volume.
It is interesting to note that contact between sperm and epithelium has also been described as important for the The categories of sperm are defined in the Materials and methods. Note that the decline in total sperm is paralleled by declines in clustered sperm and lumenal sperm, while the numbers of wall-touching sperm remain more stable. All values are means with standard errors. *, P = 0.01 (GLM); **, P < 0.001 (GLM). survival of spermatozoa in the oviduct of golden hamsters (Mesocricetus auratus (Waterhouse, 1839)) (Smith and Yanagimachi 1990) . As in the present example, both physical attachment and access to nutrients are cited as the most likely explanations.
If we are correct in assuming that attachment to the epithelium is important for the sperm's survival, then a greater abundance of tubules, with their correspondingly greater surface area, will provide more opportunities for attachment, i.e., clustering may be avoided. Interestingly, a recent phylogenetic analysis of 47 species of stylommatophoran (terrestrial) snails revealed a strong trend toward increasing complexity of the FPSC in more recently evolved species (Beese et al. 2009 ). The principal measure of complexity was the number of spermathecal tubules. The phylogenetic trend reported by Beese et al. (2009) is consistent with our evidence of a hereditary influence on tubule numbers, and it is further supported by the significant differences in tubule numbers reported between populations of A. arbustorum (Beese et al. 2006) . If there is positive selection for multiple tubules, as appears to be the case, the explanation may lie in the benefits to the female function that accrue from the improved survival of allosperm.
The worst location for sperm is at the closed ends of tubules. Most of the clustered sperm are found in the first 160 mm of the tubules, and nearly one-half of all sperm in this region is initially clustered (Fig. 5) , but 94.2% of these clustered sperm disappear by week 8. The accumulation of sperm in this region is probably a consequence of the ciliary beating that propels the gametes upwards from the bursa tract diverticulum to the FPSC (Lind 1973) . In addition, the stickiness of the sperm tails is undoubtedly a contributing factor (see Rogers and Chase 2001) . We see no advantage for the sperm in this location, only disadvantages. It would be interesting, therefore, to explore the possibility that some snail lineages may have evolved to avoid these clustered accumulations at the closed ends of spermathecal tubules.
Another way to interpret the complex structure of the spermathecal structure is to consider it from the point of view of female interests. It has been proposed that in helicid snails the sperm received from various donors might be segregated in different tubules, and that by selectively contracting the muscles surrounding one or more tubules, the female function of the storing animal could choose which sperm to use to fertilize its eggs (Bojat et al. 2001a) . If true, the female function could thereby determine the paternity of its offspring even after multiple matings with different partners, i.e., ''cryptic female choice''. Inconsistent with this idea, however, is the sparse innervation of the FPSC (Geoffroy et al. 2005) , and the lack of ultrastructural evidence for synapses on the muscles (Bojat et al. 2001a) , thus suggesting that allosperm are expelled from the tubules when the muscles are collectively contracted by a hormonal signal.
Our data raise further doubts about this specific hypothesis of cryptic female choice because we found that after a single mating, the allosperm were distributed, on average, across 75% of the tubules present in the receiving animal. If after each of several matings the allosperm were distributed in a similar manner, the sperm from different donors would be mixed within individual tubules. This circumstance would make it impossible for the female function to control paternity by expelling stored allosperm from particular tubules. However, because nonvirgin snails are likely to be more selective in using sperm than virgin snails (Anthes et al. 2006) , it is possible that allosperm is widely distributed in virgin maters (as we observed) but narrowly distributed in nonvirgins (not examined by us). Furthermore, cryptic female choice could be exercised if some chemical signal intrinsic to individual spermatozoa allowed the female function to distinguish high-quality sperm from low-quality sperm, or if the sperm from donors that are perceived to be of low quality were selectively digested prior to storage. Finally, it should be recalled that no darts were shot in our mating trials. Some authors maintain that successful dart shooting signals to the partner that high-quality sperm is to be transferred (Landolfa 2002) , but results summarized elsewhere suggest that the dart is a device of male manipulation rather than the basis for cryptic female choice (Chase and Blanchard 2006; Chase, 2007b) .
